Introduction
Most studies that have attempted to clarify the mechanical properties of long bones and their functional adaptation did so by studying them at organ [Cristofolini et al., 2007] and tissue levels [Ohman et al., 2007] . However, it has recently been observed that there are close correlations between the type of mechanical stress a bone is exposed to and its microscopic organization, in terms of composition and structural properties [Goldman et al., 2005] .
Among the micromorphological elements involved in the processes of bone adaptation to mechanical stress, one of the most interesting is the orientation of collagen fibers inside individual osteons, which since 1905 has been considered a key element to understand this phenomenon [Gebhardt, 1905] .
A first step to elucidate the relationship between mechanical stress and bone adaptation is to properly categorize the orientation of osteonal collagen in the various quadrants of each bone. Over the last 200 years, the de-scription of collagen fiber orientation inside individual osteons has been redefined several times. While researchers have agreed on the existence of 2 lamellar types, several hypotheses have been proposed as to the structural characteristics that differentiate one type from the other. In 1875, Ebner [1875] was the first to interpret the appearance of 'lamellation' as due to orientation of 'connective fibers'. But only starting from the 1960s, regular and polarized light microscopy as well as micro-X-ray [Ascenzi and Bonucci, 1961] , electron microscopy [Ascenzi et al., 1965] and X-ray synchrotron diffraction [Ascenzi et al., 1978] have been used to observe bone micro-and ultrastructures, and to develop techniques for isolation of single osteon and single lamellar. In 1988 , Giraud-Guille [1988 established the so-called 'rotated plywood' model through a transmitted electron microscopy. In 2003, Ascenzi et al. [2003] described a new model for twisted plywood architecture similar to that of Giraud-Guille, except that the mutual orientation of the bundles in the central layers corresponds to an angle of 90°. Later, the same group [Ascenzi and Lomovtsev, 2006] refined their model by a more quantitative method assessing the collagen orientation at 5 points of the lamellar thickness.
Several authors have analyzed the orientation of collagen using different methodological approaches such as Fourier transform infrared imaging spectroscopy (FT-IRIS) [Bi et al., 2005] , second harmonic-generation polarimetry [Yasui et al., 2004] , confocal microscopy [Ascenzi and Lomovtsev, 2006] , synchrotron X-ray diffraction [Ascenzi et al., 2003] , scanning electron microscopy [Pannarale et al., 1994] and Raman spectral mapping [Kazanci et al., 2006] .
The most commonly used method for this purpose is circular polarization that provides images in a grey scale representing the longitudinal and transverse arrangement of collagen fibers inside osteon lamellae. To quantify this orientation, software for image analysis is being used. Most authors that use this method translate the images obtained either into pseudocolors or binary images to obtain quantitative results. Therefore, it is crucial to use a standardized method for each of its variables. Apart from the new acquisitions at the substructural level of collagen fibers in individual osteon lamellae, for a couple of years a three-type taxonomical model (bright, dark and alternate) has been used to categorize the different osteon types by morphological observations . Subsequently, the hooped-type osteon has been added to this classification [Bigley et al., 2006] .
One of the limits of the software to quantify the collagen oriented in a specific direction resides in the fact that circularly polarized light (CPL) illumination standards are usually laboratory specific. Therefore, it is difficult to compare quantitative results among laboratories . Hence, there is a need to determine a univocal method to obviate this risk. In 2003, Bromage et al. [2003] identified the parameters to be checked to eliminate this limit, and supplied indications on section transparency, section thickness, uniformity of the illumination system and CPL optics.
An alternative to this method consists of supplying a classification of osteons by using the osteon orientation prototypes of collagen supplied by , recently revised by Skedros [2009] . The classification of Martin and coworkers, as well as of Skedros, did not consider a very representative type of osteon, typically found in human samples, in the present study referred to as type T. Moreover, this kind of classification could introduce some noise in the data collection because the differences among 4 of the 6 proposed classes are based on small changes in the external ring of the osteon. Therefore, in this study, the Bigley classification [Bigley et al., 2006] , partially modified since it is based on simplified osteon structure, has been adopted. In the present study, a morphological classification was used, without explanations at the substructural level. Furthermore, a protocol that allowed individual operators to select only the classifiable osteons was followed, which permitted to check intra-operator repeatability. Preliminary results with this classification method suggested that the relative frequency of the various types of collagen orientation vary with the anatomical quadrants within the same bone.
This paper aims to classify the different types of osteons in the cortical quadrants of various cross sections covering the whole length of a human fibula, and to investigate if and how the anatomical location influences the orientation of the collagen within the osteons. Even if only a single fibula was studied, it is the first time that this kind of analysis, osteon by osteon, has been performed on this kind of bone.
Materials and Methods
The orientation of collagen fibers was analyzed by circular polarized light microscope observation. The osteons were grouped using the modified Bigley classification [Bigley et al., 2006] . The procedure was applied on a left fibula of a 72-year-old woman (weight 63 kg, height 166 cm), obtained from the donor program of the Université Libre de Bruxelles, as part of the LHDL European project. The donor was not affected by any known musculoskeletal disease, which was also confirmed by CT and MRI examinations performed post mortem.
Harvesting of Sample
The fibula was harvested from a cadaver, fully embalmed by perfusion and immersion in embalming solution [Van Sint Jan and Rooze, 1992] . All tissues attached to the periosteum were removed. Once retrieved, the fibula was preserved at -20 ° C until testing.
Anatomical landmarks were identified to determine the anteroposterior plane [Van Sint Jan, 2007] , a suture thread was attached by acrylic glue on a reference scratch marked on the surface to identify the anterior side.
Sequential cuts were performed to produce a series of 7 bone cylinders of 8 mm in height. The position of each cylinder was expressed as a percentage of the total length of the fibula ( fig. 1 ).
Treatment of Samples
Each cylinder was embedded in polymethylmethacrylate (Carlo Erba Reagenti SpA, Rodano, Milano, Italy) with its distal surface resting on the bottom of the container, according to the method devised by Boyde et al. [1984] . After accurate washing in water, the samples were dehydrated and degreased under vacuum with the following series of alcohol.
Ethanol 80% overnight, 3 steps in ethanol 95% of 1 h each, 5 steps in methanol of 1 h each at 37 ° C. Infiltration occurred with 4 passages in polymethylmethacrylate (Carlo Erba Reagenti SpA), first destabilized by chromatography with aluminium oxide (Carlo Erba Reagenti SpA) and finally embedded in a mixture of polymethylmethacrylate and Di-n-butylphthalate (Carlo Erba Reagenti SpA) at 3.5% w/v at 25 ° C. The reaction mixture catalyst was benzoyl peroxide (Carlo Erba Reagenti SpA) at 25% v/v.
Slices Preparation and CPL Analysis
From the embedded blocks, serial 100 8 5 m slices were obtained Boyde and Riggs, 1990 ] with a 300-m-thick wafering blade (Leica 1600). The slices were compressed between 2 slides, while the correct orientation was maintained. On each slice, 4 square regions, measuring 3 mm in side, were identified at 90° from each other, starting from the anterior side reference ( fig. 2 ) . Therefore, the 4 regions were located on the anterior (0°), lateral (90°), posterior (180°) and medial (270°) quadrant. Each region was visualized at 4 ! objective lens magnification and 10 ! ocular lens magnification by polarized circular light microscope (Leica DM EP). Since it was impossible to simultaneously visualize the whole region, a series of photos was taken (Leica DC 300 camera) to map the whole region. Finally, the photos were reassembled with Adobe Photoshop 7.0 in order to obtain a digital image of each region on which the analysis was performed. Within each analyzed region, the cortical wall thickness was determined as the mean value of 3 measurements collected in a direction orthogonal to the external cross section perimeter.
Classification of the Osteons
The collagen orientation within the osteons was determined on the basis of the osteon appearance. The validated osteon classification proposed by Bigley et al. [2006] was used in this study except for 2 types of osteon classes (L and O) which were merged into a single class. Thus, the classification used was interpreted according to table 1 .
The choice of osteon classification was made on the basis of a preliminary analysis on a fibula cross section, performed in double-blind conditions to assess the feasibility and the repeatability of the described procedure. During this preliminary analysis, it was established that:
• all the osteons considered to be 'in a state of fusion', that is, which had noncircular or partially deformed geometry, had to be excluded from the reading since they could not be classified unambiguously; • since osteons very often had a thin bright ring around the Haversian canal or around the external perimeter, that is, showed forms that are not easy to attribute to L or O classes, these 2 were merged into a single class. Another cross section was treated as described except that it was stained (trichrome staining according to Goldner [1938] ). This preliminary analysis was necessary to identify large voids within the osteon structure. Since those were identified as blood vessels, it was decided that the structure showing an internal canal equal or bigger than the osteon wall thickness had to be excluded, since they were noncapillary vessels.
All these criteria were used in analyzing the 4 regions of each cross section obtained from the fibula under investigation ( fig. 2 ) . To be sure of the repeatability, half the analyzed regions, selected randomly, were analyzed by 2 operators (double-blind condition). Table 1 . Classifications of osteons type from observations in CPL microscopy and from collagen fiber orientation T: Bright osteons contain lamellae composed of collagen fibers transverse to the osteon axis. All lamellae must appear bright, with no interspersed dark lamellae.
A: Alternating osteons contain lamellae composed of collagen fibers that alternate between transverse and longitudinal to the osteon axis. Two successive alternating pairs of lamellae are present away from the peripheral boundary (hooped) or around the Haversian canal.
LO: Dark and hooped osteons contain lamellae prevalently longitudinal and a portion of peripheral boundary composed of collagen fibers transverse to the osteon axis with a bright appearance. A thick bright ring around Haversian canal occurs.
Modified from Bigley et al. [2006] .
Beraudi/Stea/Bordini/Baleani/Viceconti Cells Tissues Organs 2010; 191:260-268 Statistical Analysis All analyses were performed using SPSS for Windows (release 14.0; SPSS Inc., Chicago, Ill., USA) using ␣ = 0.05 for statistical significance. A nonparametric test (Wilcoxon test) was performed to verify the repeatability between the 2 operators. Factorial analysis was applied to determine the effect of longitudinal position, angular location, cortical wall thickness and distance from the middle level (to consider the anatomical symmetry of the bone segment) on the collagen orientation [Armitage et al., 2001] .
Results
No statistical differences were found comparing the analysis of 2 different operators. Therefore, the average value was considered for the 2 observations available on half the analyzed regions. All collected data are shown in table 2 . Each analyzed region was completely covered by osteonal structures. Moreover, not more than 1% of the osteons present in each region were not classifiable (data not shown).
A factorial ANOVA showed that the variance observed for each type could not be explained in term of length, quadrant, or cortical thickness. Conversely, the distance from the middle level of the whole fibula was found statistically significant (ANOVA, p = 0.060 for T type, p = 0.0001 for A type and p = 0.009 for LO type). The A type, the alternated pattern described in all classic textbooks, was predominant in the mid-section (T = 25 8 4%; A = 48 8 7%; LO = 27 8 4%; fig. 3 b) ; on the contrary, moving toward the epiphyses, the balance was inverted, and types T and LO become more frequent than type A ( fig. 3 a-c) .
When averaged over the 4 quadrants and over the entire fibula length, the 3 types of osteons appeared with the same relative frequency: T = 30 8 8%; A = 37 8 9%; LO = 32 8 8%.
Discussion
The presented study aimed to classify the different types of osteons at different levels, within the 4 quadrants of each cross section, of a human fibula, and to investigate if and how the anatomical location influences the orientation of the collagen within the osteons.
Three types of osteons were observed, corresponding to characteristic patterns of the collagen orientation: osteon type T, where collagen fibers are expected to lay orthogonal to the bone long axis; osteon type A, which is the pattern commonly described in textbooks, where collagen fibers are oriented orthogonal, with alternating direction within each concentric lamellae; osteon type LO, which combines osteons with collagen fibers predominantly parallel to the bone long axis with circumferential fiber orientation.
The 3 types were observed with similar frequencies over the whole bone length. Their distribution was not significantly affected by the anatomical quadrant of each section, the length or the thickness of the cortex. When the symmetry of the fibula was considered, that is, the length was expressed as the distance from the middle level of the whole bone, the relative frequencies showed to be significantly different in the central part of the diaphysis compared to its extremities. The typical type A alternated pattern was dominant in the mid-section, whereas the Although other authors have analyzed collagen distribution within osteons in bone segments, comparison of the findings from the present study with the literature is difficult. In fact, in most previous papers the classification approach was performed on other bone segments (human calcaneus, mandible, ulna, radio, humerus, tibia and femur) [Osaki et al., 2002 [Osaki et al., , 2003 Traini et al., 2005] or different bones of several species Takano et al., 1999; Ramasamy and Akkus, 2007] . The only study which considered the fibula was the report of Carando et al. [1989] . The results were reported graphically by means of maps showing the proportional distribution of transverse collagen in different sections of the diaphysis. No absolute quantitative data were reported, since the dimensions of the squares drawn in the maps were referred to comparison of grey levels. The authors claimed that 'in the proximal 2nd and 3rd quarters of the fibular shaft, the proportion of transverse collagen is much higher in the posterior wall', although no statistical analysis was reported. In the present study, no statistical evidence of different osteon distribution in the cross section of the fibula was found, although the data reported in table 2 may suggest some nonhomogeneous distributions within each cross section. Considering other bone segments, some differences have been reported in collagen orientation within osteons located in different quadrants. In a study on human tibiae [Vincentelli, 1978] , significant differences were found in the collagen fiber orientation in osteons among the different quadrants of the same bone: in the posterior quadrant the number of osteons with transversal fibers was higher than in the lateral and medial quadrants, in which the number was higher than in the anterior quadrants. Osteons with longitudinal orientation presented an opposite distribution compared to that of transversal osteons. Lateral and medial quadrants always had similar distributions. Similar findings for the posterior quadrant were reported by Carando et al. [1989] . Also, in the human mid-shaft femur the distribution of osteons appeared to be nonrandomly distributed . In another study, collagen fiber patterns were studied in the humerus, ulna and radius [Carando et al., 1991] : in all 3 bones, transverse collagen was predominant in the medial and posterior cortices proximally, and in the anterior and posterior cortices at the mid-diaphysis. In the distal radius, the medial and anterior cortices contained mostly transverse collagen. In the proximal ulna, transverse collagen was found in the anterior and anterolateral cortices. These findings were correlated to the distribution of bending forces that may be operative in these bones, but similarly to the previous work of Carando et al. [1989] , the paper completely lacked any statistical analysis.
In general, all these previous findings confirmed the 1984 postulation of Portigliatti which claimed that in the anterolateral quadrant side of human femur bone segments, a collagen fiber orientation parallel to the osteon axis was predominant, whereas in the posteromedial quadrant a transverse orientation was prevalent. However, the collected data from the present study do not support this postulation for the fibula. The weightbearing function of the fibula, which varies with the ankle position, has been demonstrated [Takebe et al., 1984; Goh et al., 1992] . It must be highlighted that the fibula analyzed in this study was collected from a 72-year-old woman. The activity level usually decreases with the increasing age of the subject [Westerterp, 2001; Davis, 2007] . Moreover, older adults are more restricted in activity type [Centre for Disease Control and Prevention, 1991] . Furthermore, older subjects spend most of the day in static position [Morlock et al., 2001 ] . Therefore, in older subjects the lower limb is loaded prevalently in axis, at least in the lower part (tibia-fibula complex). Taking into consideration this rationale, the fibula extremities would be loaded principally in compression (the load direction being closer to the centroid of the bone segment cross section), while it cannot be excluded that an out-of-axis load (for example bending) might take place at the mid-diaphysis. Under these hypotheses, considering that the mechanical characteristics of osteons depend on the fiber orientation within the lamellae Bonucci, 1967, 1968] , it is not surprising that type A osteons, which can be considered suitable for general loading conditions, are predominant at the mid-diaphysis. Conversely, type T and type LO osteons, which are specialized to withstand compressive load, tend to become predominantly moving versus the epiphyses.
The most important limitation of the present study is that the observation was derived from a single fibula sample. Due to the complexity of the classification process, no effective and repeatable automatic procedure was possible, and this prohibited any attempt to extend this analysis to multiple specimens. Although the donor was selected because of her average anatomy, height, weight, body mass index and absence of any musculoskeletal-related disorders (as confirmed also by visual inspection of X-rays and high-resolution CT scan images which did not highlight any abnormality, defect or sign of previous fracture), it cannot be excluded that in differ-ent fibulae some differences in osteon distribution pattern within each cross section could be found. All considerations reported in this study are at this stage highly speculative. Further studies, with multiscale models able to correlate the changes in osteonal collagen fiber orientation with the local stiffness of the various portion of the bone segment, are required. These investigations will allow confirmation or rejection of the proposed theory.
